Aim: To examine the effects of ginseng saponins on the heterologously expressed human ether-a-go-go related gene (HERG) that encodes the rapid component of the delayed rectifier K + channel. Methods: A two-electrode voltage clamp technique was used. HERG currents were recorded in Xenopus oocytes injected with HERG cRNA. Results: Crude saponins of Korean red ginseng (GS) induced a minimal increase of the maximal HERG conductance without changes in the voltage-dependent HERG current activation and inactivation curves. GS, however, decelerated HERG current deactivation in a concentration-dependent manner, which was more noticeable with panaxitriol (PT) than panaxidiol (PD). Consistently, ginseng saponins increased the HERG deactivation time constants with the order of potency of Rg 1 (a major component of PT)>Rf 1 >Rb 1 (a major component of PD). Re had little effect on HERG deactivation. During a cardiac action potential, GS increased the outward HERG current. Conclusion: Ginseng saponins enhance HERG currents, which could be in part a possible mechanism of the shortening cardiac action potential of ginseng saponins.
Introduction
Ginseng, the root of Panax ginseng CA Meyer, has been used for more than 2 000 years as a general tonic and restorative agent. Ginseng saponins, also called ginsenosides, are one of the main molecular ingredients responsible for the actions of ginseng. Ginseng saponins have beneficial effects on cardiovascular functions [1, 2] , including the antihypertensive effect [3] , the protective effect against ischemia/ reperfusion injury [4] , the negative chronotropic and inotropic effects [5] , and the antiarrhythmic effect [6, 7] . The delayed rectifier K + current is critical for repolarization of cardiac action potential [8] , which represents the sum of two components; the rapidly (I Kr ) and slowly activating components (I Ks ) [9] . The human ether-a-go-go-related gene (HERG) is expressed in the heart of mammalian species including humans [10] . It encodes the pore-forming subunit of I Kr [11, 12] , which initiates repolarization and terminates the plateau phase of the cardiac action potential. Heterologously expressed HERG currents share pharmacological and biophysical properties with I Kr . It has been shown that channels formed by coexpression of MinK-related protein, MiRP1 and HERG resemble native cardiac I Kr channels [13] . Mutations in the HERG channel gene cause inherited long QT syndrome (LQT), a disorder of cardiac repolarization that predisposes affected individuals to lethal arrhythmias [11, 14] . Acquired LQT is far more common and is most often caused by commonly used medications blocking cardiac HERG channels [15] [16] [17] [18] . Thus I Kr /HERG is especially relevant to both acquired and inherited forms of LQT [19, 20] . Ginseng saponins decreased the action potential duration of cardiac myocytes [21, 22] and showed antiarrhythmic effects [6, 7] . HERG/I Kr has been regarded as a common target of pro-and anti-arrhythmic drugs [19] . Therefore, it can be assumed that ginseng saponins may shorten action potential duration and exert antiarrhythmic effects by altering HERG channel activities. To investigate the possibility, we examined the effect of ginseng saponins on the HERG current expressed in Xenopus oocytes. We found that ginseng saponins enhanced the HERG current in a concentration-and structure-dependent manner during cardiac action potential.
Materials and methods
Oocyte preparation Ovarian lobes were excised from anesthetized Xenopus laevis (Xenopus I, Dexter, MI, USA) through a small abdominal incision and were treated with Ca 2+ -free Barth's solution containing 0.2% collagenase (type II, Sigma-Aldrich, St Louis, MO, USA) for 1−2 h and then the remaining inner ovarian epithelium, theca, and follicular cell layers were removed with fine forceps. where I tail max is maximum tail current, V 1/2 is the voltage at which 50% of the channels are activated, and k is the slope factor. To examine steady-state inactivation, conditioning pulses between -130 and +20 mV in 10-mV increments for 60 ms were applied after a depolarizing pulse to +20 mV for 900 ms, followed by a common test pulse to +20 mV. The peak current amplitudes during test pulses were plotted as a function of the previous conditioning pulses. Normalized steadystate inactivation as a function of prepulse of test potential was also fitted to Boltzmann's function. The data were expressed as mean±SEM. Statistical analysis were carried out using one-way ANOVA or Student t-test when appropriate.
Drugs All drugs except ginsenosides were purchased from Sigma. Lyophilized ginsenosides were kindly donated by Dr PARK of Korean Tobacco and Ginseng Institute.
Results
The HERG potassium current was recorded by a twoelectrode voltage-clamp from the Xenopus oocyte expression system. Steady-state current was recorded by depolarization to potentials between -60 and 40 mV and the holding potential was maintained at -80 mV for 4 s. Tail currents were recorded upon repolarization to -60 mV. This voltage protocol was repeated and the amplitude of the current was monitored until no changes in current amplitude could be recorded for 3 min. Figure 1 shows current records obtained in the absence or the presence of 30 mg/L crude saponin of Korean red ginseng (GS). HERG current amplitudes and deactivation kinetics were changed by bath application of GS, but not by intraoocyte injection of the same concentration of GS (30 mg/L). Figure 2A shows the effect of extracellular GS (30 mg/L) on the amplitude of steady-state current that was measured at the end of depolarizing pulse and peak tail current. The steady-state current first appears at -50 mV test potential, and the peak tail current is maximal at +10 mV test potential. GS (30 mg/L) induced a minimal increase in steady-state current and peak tail currents (Figure 2A , 2B). The increase of steady-state currents were observed only at more negative membrane voltages than 0 mV, where HERG channel inactivation was observed, while the increase of peak tail currents were observed at all tested voltages. Drugs that changed ion channel activities often alter the voltage dependence of channel kinetics. Therefore, we analyzed the voltage dependence of activation of the HERG current in the absence or presence of GS. Peak amplitudes of tail currents were plotted as a function of test potential as shown in Figure 2B , and were fitted with Boltzmann's function. In the control experiment, the activation curve had a mid-point of -18.1±2.2 mV and a slope factor of 6.5±0.2 mV (n=6), which is similar to previous reports [12, 23] . In the presence of GS (30 µmol/L), a mid-point of -19.6±1.9 mV and a slope factor of 7.1±0.2 mV (n=6) , the difference compared with control was not significant.
We also analyzed the steady-state HERG inactivation in the absence and presence of GS. Steady-state inactivation currents were measured with the following protocol: channels were inactivated at a holding potential of +20 mV before short test pulses. Potentials ranging from -120 mV to +20 mV (15 ms, 10 mV-increments) were applied to recover the channels from inactivation. Membrane potential returned to a holding potential of +20 mV after these test pulses evoked large outward inactivating currents. After having obtained a measurement under control conditions, the oocyte was clamped at a holding potential of -80 mV during a 10-min wash (30 mg/L GS), which was necessary to avoid destruction of the cell. Peak outward current amplitudes after the return to the holding potential were normalized and fitted to Boltzmann's function, which elicited significant left shift in the steady-state inactivation curve (n=6, Figure 2C ). In the absence of GS, the inactivation curve had a mid-point of -69.7±2.8 mV and a slope factor of -11.6±0.8 mV (n=6). These values were -78.7±4.5 mV and -15.3±0.7 mV (n=6), respectively, in the presence of GS (30 mg/L, 10 min).
To examine whether the increase in HERG current represents the change in HERG conductance, we measured maximal HERG conductance in the absence or presence of GS. For this purpose, we studied the fully activated I-V relationships by applying various test potentials after a depolarizing conditioning pulse ( Figure 2D) . A conditioning pulse to +40 mV, which induced a full activation, for 750 ms was applied from a holding potential of -80 mV, followed by test pulses to various potentials between -130 and +20 mV in 10-mV increments. The amplitude of the current was measured at its peak before the time-dependent change proceeded, and plotted as a function of test potential. GS increased maximal HERG conductance obtained from the slope of the curve ( Figure 2D ). The slope conductance was obtained from the slope of the I-V curves between -130 and -110 mV. The value of the slope was 0.11±0.01 and 0.14±0.01 for control and 30 mg/L GS ( Figure 2D ).
To evaluate the most prominent effect of GS on HERG current, decelerating current deactivation, we analyzed the time constant for the deactivation of HERG tail current. For this purpose, we used long hyperpolarizing test pulses following a depolarizing conditioning pulse ( Figure 3A) . Deactivating currents during test pulses were well fitted to a double-exponential function. GS (3−30 mg/L) increased both fast and slow deactivation time constants of HERG tail current in a concentration-dependent change at all repolarizing tested voltage. The fast deactivation time constants at repolarizing test voltage of -60 mV were increased from 1.5± 0.3 s of control to 2.2±1.1, 3.2±1.0, 4.1±1.0, and 5.1±1.2 s by GS 3, 10, 30, and 100 mg/L, respectively ( Figure 3B ). The slow deactivation time constants at -60 mV of control were increased from 6.0±1.4 s to 7.0±0.3, 9.2±1.0, 11.1±1.2, and 17.0±2.7 s by GS 3, 10, 30, and 100 mg/L, respectively ( Figure  3B ).
GS may include many different ginsenosides classified into panaxadiol (PD) and panaxatriol (PT) saponins according to their chemical structures. To know the possible structure-dependent effect of ginsenosides on HERG current, we examined the effect of PD and PT on the deactivation of the HERG tail current. PT evoked more potent deceleration of the HERG deactivation than PD did ( Figure 4A ). Consistently, deceleration of HERG current was more pronounced by ginsenoside Rg 1 and Rf 1 the major components of Korean red ginseng (KRG) PT than by ginsenoside Rb 1 , the major component of PD ( Figure 4B ). Interestingly, another PT ginsenoside, Re had little effect on HERG current.
To evaluate the physiological significance of enhancement of HERG by ginsenoside, we examined the effects of GS on repolarizing currents with ramp pulses. In the ramp protocol that involved an initial step depolarization from -80 to +10 mV, followed by a slow ramp (1.7 s) to -80 mV, GS (10 mg/L), induced a significant enhancement of the outward current upon slow repolarization ( Figure 5) . Finally, we investigated the possible subcellular mechanism of GS effects on HERG currents. We used PTX to test the possible involvement of PTX-sensitive G-protein in GS effects on HERG currents. Pretreatment with PTX (2 mg/L, 16 h), however, did not affect HERG current modulation by GS ( Figure 6A ). To examine whether the intracellular Ca 2+ was involved in the modulation of HERG current, we used intracellular Ca 2+ buffer, BAPTA. Intraoocyte injection of BAPTA had no effect on GS modulation of the HERG current ( Figure 6B ).
Discussion
We have shown that ginsenosides enhance the HERG current expressed in Xenopus oocytes. Ginsenosides are known to be effective against cardiac arrhythmias and elicit APD shortening and I K inhibition [21] . It is well known that heterologously expressed HERG currents share pharmacological and biophysical properties with I Kr [11, 12, 24, 25] . The characteristics of the current recorded in the present study correspond to HERG current; slow current activation at negative potentials, large long-lasting tail currents on repolarization, strong inward rectification and sensitivity to class III methanesulfonanilides (data not shown). The present study is the first to characterize the interaction between ginseno- Figure 6 . Effect of ginseng saponin (GS) on HERG current in different conditions. Deceleration of HERG current deactivation by GS was not altered by extracellular PTX pretreatment (2 mg/L, 16 h) (A) or by intra-oocyte injection of BAPTA (1 mmol/L) (B). Representative currents stimulated by a series of step pulses. The pulse protocol is the same as in Figure 4 . sides and the HERG channels. The major finding of the present study was that ginsenosides enhanced HERG channel activities in a structure-and concentration-dependent manner. Considering all of this, ginsenosides may induce APD shortening partly through enhancement of HERG/I Kr as well as I Ks [21] . This finding provides a clearer ionic mechanism of the antiarrhythmic effect of ginsenosides. That is, HERG is another target of ginsenosides.
Mutations in HERG that cause LQT can reduce the amplitude of I Kr by several different mechanisms. The most common mechanism is a loss of channel function and a dominant negative effect [26] . Therefore mutation in HERG also accelerated the rate of channel deactivation and would cause a net reduction in outward current during slow repolarization typical of a cardiac action potential. In the present study, we have shown that GS increased the maximal conductance of HERG potassium channel and it also increased the deactivation time constants of HERG potassium current. Our results, therefore, indicate that the effects of GS on HERG potassium channel may improve the LQT through speed repolarization and shorten the action potential.
To clarify the biophysical mechanism of HERG potentiation by ginsenosides, we analyzed the effect of ginsenosides on HERG current using various pulse protocols. The results suggest that ginsenosides affect preferentially the deactivation of HERG channels with a maximal conductance increase. The rate of recovery from inactivation and the rate of deactivation are major HERG channel kinetic factors determining the duration of the action potential [27] . HERG modulation is expected to speed repolarization and shorten the action potential, which could decrease the inter-spike interval and accelerate the heart rate.
How might a GS contribute to the enhancement of HERG potassium current? The heart is presented with continually varying cardiovascular demands that require dynamic responses, both inotropic and chronotropic. Most cardiac adaptation that occurs is the result of changes in autonomic/ hormonal stimulation involving G-protein-coupled receptors [28] . In a previous study, ginsenosides were shown to increase the Ca 2+ -activated Cl -current in Xenopus oocytes through a signaling pathway linked to the muscarinic ACh receptor, which involves G protein-coupled PLC activation and Ca 2+ mobilization from IP 3 -sensitive intracellular store [29] . In our experiments, the effects of GS on HERG potassium currents were not blocked by intracellular Ca 2+ chelation and intraoocyte injection of BAPTA nor pretreatment with PTX (2 mg/L, 16 h) ( Figure 6A, 6B ). Therefore, it should be noted that ginsenoside Rf could regulate GIRK channels with unidentified proteins derived from the rat brain through PTXinsensitive G proteins [30] . However, we still cannot exclude the possibility of direct interaction between ginsenosides and HERG channel proteins.
Approximately 30 different ginsenosides have now been isolated and identified from Panax ginseng. Studies have shown that certain ginsenosides are more potent than others [31] . It should be noted that ginsenoside Re had no effect on HERG currents, showing the structure-dependence of HERG modulations by ginsenosides. HERG currents were enhanced by PT and PD as well as by ginsenoside Rb 1 , Rg 1 , and Rf with different potency. Crude saponin of KRG used in this experiment contained 56.3% of ginsenosides. Therefore, the effect of KRG-CS on the HERG potassium current was mainly a result of the saponin fraction of KRG.
Synthetic molecules such as fenamates and other openers of the K + channel offer a novel therapeutic approach to stabilizing and controlling cellular function [32] . Our results, demonstrate for the first time a link between ginseng saponin and the electrophysiological properties of the HERG channel. The positive regulation by ginseng saponin on HERG and the previously described effects on I Ks [21, 22] , suggest a potential role for ginseng saponin in the prevention or treatment of long QT syndrome.
